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I INT RODUCT ION
(i) Standard Model

• we have found the Higgs: MH ∼ 125 GeV

• gg → H dominant
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.• Higgs Boson Production
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• Discovery: LHC [Tevatron]

→ Higgs mass

couplings
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• WW →WW @ high energies
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⇒ κV = 1

• ff̄ →WW @ high energies
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A =
mf
√
s

v2

{
1− κfκV s

s−M2
H

}
⇒ κf = κV = 1

• analogously for κH

• modifications: (i) higher-dim. operators → eff. Lagrangians

(ii) extended Higgs sectors (mixing, loop effects)



II EFFECT IVE LAGRANGIANS
(i) weakly interacting theories

• effective higher dimension operators up to dim 6 Burges, Schnitzer
Leung, Love, Rao
Buchmüller, Wyler

Grzadkowski, Iskrzynski, Misiak, Rosiek

Giudice, Grojean, Pomarol, Rattazzi

L = LSM +
1

Λ2

∑

i

αiOi

≡ LSM +
∑

i

c̄iOi

≡ LSM +∆LSILH +∆LF1 +∆LF2 +∆Lbos+∆L4f +∆LCP
[assume Λ large]

• assume Higgs SU(2)-doublet

H =

(
φ+

φ0

)



∆LSILH =
c̄H

2v2
∂µ
(
H†H

)
∂µ
(
H†H

)
+

c̄T

2v2

(
H†
←→
DµH

)(
H†
←→
D µH

)
− c̄6 λ

v2

(
H†H

)3

+

(
c̄u

v2
yuH

†H q̄LH
cuR +

c̄d

v2
ydH

†H q̄LHdR +
c̄l

v2
ylH

†H L̄LHlR + h.c.

)

+
ic̄W g

2m2
W

(
H†σi

←→
DµH

)
(DνWµν)

i +
ic̄B g′

2m2
W

(
H†
←→
DµH

)
(∂νBµν)

+
ic̄HW g

m2
W

(DµH)†σi(DνH)W i
µν +

ic̄HB g′

m2
W

(DµH)†(DνH)Bµν

+
c̄γ g′

2

m2
W

H†HBµνB
µν +

c̄g g2S
m2
W

H†HGa
µνG

aµν

∆LF1 =
ic̄Hq

v2
(q̄Lγ

µqL)
(
H†
←→
D µH

)
+
ic̄′Hq
v2

(
q̄Lγ

µσiqL
) (
H†σi

←→
D µH

)

+
ic̄Hu

v2
(ūRγ

µuR)
(
H†
←→
D µH

)
+
ic̄Hd

v2

(
d̄Rγ

µdR
) (
H†
←→
D µH

)

+

(
ic̄Hud

v2
(ūRγ

µdR)
(
Hc †←→D µH

)
+ h.c.

)

+
ic̄HL

v2

(
L̄Lγ

µLL
) (
H†
←→
D µH

)
+
ic̄′HL
v2

(
L̄Lγ

µσiLL
) (
H†σi

←→
D µH

)

+
ic̄Hl

v2

(
l̄Rγ

µlR
) (
H†
←→
D µH

)

∆LF2 =
c̄uB g′

m2
W

yu q̄LH
cσµνuRBµν +

c̄uW g

m2
W

yu q̄Lσ
iHcσµνuRW

i
µν +

c̄uG gS

m2
W

yu q̄LH
cσµνλauRG

a
µν

+
c̄dB g

′

m2
W

yd q̄LHσ
µνdRBµν +

c̄dW g

m2
W

yd q̄Lσ
iHσµνdRW

i
µν +

c̄dG gS

m2
W

yd q̄LHσ
µνλadRG

a
µν

+
c̄lB g

′

m2
W

yl L̄LHσ
µνlRBµν +

c̄lW g

m2
W

yl L̄Lσ
iHσµνlRW

i
µν + h.c.



∆Lbos =
c̄3W g3

m2
W

ǫijkW i ν
µ W j ρ

ν W k µ
ρ +

c̄3G g
3
S

m2
W

fabcGa ν
µ Gb ρ

ν G
c µ
ρ

+
c̄2W

m2
W

(DµWµν)
i (DρW

ρν)i +
c̄2B

m2
W

(∂µBµν) (∂ρB
ρν) +

c̄2G

m2
W

(DµGµν)
a (DρG

ρν)a

∆L4f =
∑

ψ,L/R,T a

ψ̄iγ
µT aψjψ̄kγµT

aψl + ψ̄iT
aψjψ̄kT

aψl

∆LCP =
ic̃HW g

m2
W

(DµH)†σi(DνH)W̃ i
µν +

ic̃HB g′

m2
W

(DµH)†(DνH)B̃µν

+
c̃γ g′

2

m2
W

H†HBµνB̃
µν +

c̃g g2S
m2
W

H†HGa
µνG̃

aµν

+
c̃3W g3

m2
W

ǫijkW i ν
µ W j ρ

ν W̃ k µ
ρ +

c̃3G g
3
S

m2
W

fabcGa ν
µ Gb ρ

ν G̃
c µ
ρ

Ṽµν =
1

2
ǫµναβV

αβ

• after using EOM: 53 (59) independent dim6 operators → different

bases



• classification: [Φ = H, Φ̃ = iσ2Φ∗]

Φ6 and Φ4D2 ψ2Φ3 X3

OΦ = (Φ†Φ)3 OeΦ = (Φ†Φ)(ℓ̄ΓeeΦ) OG = fABCGAν
µ GBρ

ν GCµ
ρ

OΦ✷ = (Φ†Φ)✷(Φ†Φ) OuΦ = (Φ†Φ)(q̄ΓuuΦ̃) O
G̃
= fABCG̃Aν

µ GBρ
ν GCµ

ρ

OΦD = (Φ†DµΦ)∗(Φ†DµΦ) OdΦ = (Φ†Φ)(q̄ΓddΦ) OW = εIJKW Iν
µ W Jρ

ν WKµ
ρ

O
W̃

= εIJKW̃ Iν
µ W Jρ

ν WKµ
ρ

X2Φ2 ψ2XΦ ψ2Φ2D

OΦG = (Φ†Φ)GA
µνG

Aµν OuG = (q̄σµν λ
A

2
ΓuuΦ̃)GA

µν O(1)
Φℓ = (Φ†i

↔
DµΦ)(ℓ̄γµℓ)

O
ΦG̃

= (Φ†Φ)G̃A
µνG

Aµν OdG = (q̄σµν λ
A

2
ΓddΦ)GA

µν O(3)
Φℓ = (Φ†i

↔
DI
µΦ)(ℓ̄γµτ Iℓ)

OΦW = (Φ†Φ)W I
µνW

Iµν OeW = (ℓ̄σµνΓeeτ
IΦ)W I

µν OΦe = (Φ†i
↔
DµΦ)(ēγµe)

O
ΦW̃

= (Φ†Φ)W̃ I
µνW

Iµν OuW = (q̄σµνΓuuτ
IΦ̃)W I

µν O(1)
Φq = (Φ†i

↔
DµΦ)(q̄γµq)

OΦB = (Φ†Φ)BµνBµν OdW = (q̄σµνΓddτ
IΦ)W I

µν O(3)
Φq = (Φ†i

↔
DI
µΦ)(q̄γµτ Iq)

O
ΦB̃

= (Φ†Φ)B̃µνBµν OeB = (ℓ̄σµνΓeeΦ)Bµν OΦu = (Φ†i
↔
DµΦ)(ūγµu)

OΦWB = (Φ†τ IΦ)W I
µνB

µν OuB = (q̄σµνΓuuΦ̃)Bµν OΦd = (Φ†i
↔
DµΦ)(d̄γµd)

O
ΦW̃B

= (Φ†τ IΦ)W̃ I
µνB

µν OdB = (q̄σµνΓddΦ)Bµν OΦud = i(Φ̃†DµΦ)(ūγµΓudd)



• power counting: H → O(g∗/M = 1/f), ∂µ→ O(1/M)

⇒ expansion in H/f and E/M

c̄H , c̄T , c̄6, c̄ψ ∼ O
(
v2

f2

)
, c̄W , c̄B ∼ O

(
m2
W

M2

)
, c̄HW , c̄HB, c̄γ, c̄g ∼ O

(
m2
W

16π2f2

)

c̄Hψ, c̄
′
Hψ ∼ O

(
λ2ψ

g2∗

v2

f2

)
, c̄Hud ∼ O

(
λuλd

g2∗

v2

f2

)
, c̄ψW , c̄ψB, c̄ψG ∼ O

(
m2
W

16π2f2

)

Giudice, Grojean, Pomarol, Rattazzi

• canonical normalization, unitary gauge:

v2 = v2SM

(
1+

3

4
c̄6

)

hSM = h

[
1− c̄H

2
− c̄T

8

]
− 3

8
c̄6v

m2
h = m2

hSM

[
1− c̄H +

3

2
c̄6 −

1

2
c̄T

]

etc.



L = 1
2
∂µh ∂µh− 1

2
m2
hh

2 − c3 1
6

(
3m2

h

v

)
h3 −∑ψ=u,d,lmψ(i) ψ̄(i)ψ(i)

(
1+ cψ

h
v
+ . . .

)

+m2
W WµW µ

(
1+ 2cW

h
v
+ . . .

)
+ 1

2
m2
Z ZµZ

µ
(
1+ 2cZ

h
v
+ . . .

)
+ . . .

+
(
cWW W+

µνW
−µν + cZZ

2
ZµνZµν + cZγ Zµνγ

µν +
cγγ
2
γµνγµν +

cgg
2
Ga
µνG

aµν
)
h
v

+
(
cW∂W

(
W−
ν DµW+µν + h.c.

)
+ cZ∂Z Zν∂µZ

µν + cZ∂γ Zν∂µγ
µν
)
h
v
+ . . .

Higgs couplings ∆LSILH MCHM4 MCHM5

cW 1− c̄H/2
√
1− ξ √

1− ξ
cZ 1− c̄H/2− 2c̄T

√
1− ξ √

1− ξ
cψ (ψ = u, d, l) 1− (c̄H/2+ c̄ψ)

√
1− ξ 1− 2ξ√

1− ξ
c3 1+ c̄6 − 3c̄H/2

√
1− ξ 1− 2ξ√

1− ξ
cgg 8 (αs/α2) c̄g 0 0

cγγ 8 sin2θW c̄γ 0 0

cZγ
(
c̄HB − c̄HW − 8 c̄γ sin

2θW
)
tan θW 0 0

cWW −2 c̄HW 0 0

cZZ −2
(
c̄HW + c̄HB tan2θW − 4c̄γ tan

2θW sin2θW
)

0 0

cW∂W −2(c̄W + c̄HW) 0 0

cZ∂Z −2(c̄W + c̄HW)− 2 (c̄B + c̄HB) tan
2θW 0 0

cZ∂γ 2 (c̄B + c̄HB − c̄W − c̄HW) tan θW 0 0

small deviations from SM couplings Contino, Ghezzi, Grojean, Mühlleitner, S.

8 operators relevant for Higgs physics



• constraints from precision measurements:

∆ǫ1 ≡∆ρ = c̄T(mZ), −1.5× 10−3 < c̄T(mZ) < 2.2× 10−3

∆ǫ3 = c̄W(mZ) + c̄B(mZ) , −1.4× 10−3 < c̄W(mZ) + c̄B(mZ) < 1.9× 10−3

• Z-pole measurements:

δgLψ

gLψ
=

1

2

c̄HΨ + 2T3L c̄
′
HΨ

T3L −Q sin2θW
,

δgRψ

gRψ
=

1

2

c̄Hψ

Q sin2θW

−0.03 < c̄Hq1 < 0.02 , −0.002 < c̄′Hq1 < 0.003 ,

−0.005 < c̄Hq2 < 0.003 , −0.003 < c̄′Hq2 < 0.005 ,

−0.008 < c̄Hu < 0.02 , −0.03 < c̄Hd < 0.02 , −0.03 < c̄Hs < 0.02

−0.004 < c̄HL + c̄′HL < 0.002 , −0.003 < c̄HL − c̄′HL < 0.0002 , −0.0007 < c̄Hl < 0.003 ,

−0.02 < c̄Hq2 + c̄′Hq2 < 0.005 , −0.02 < c̄Hc < 0.03 ,

−0.003 < c̄Hq3 − c̄′Hq3 < 0.009 , −0.07 < c̄Hb < −0.005



• EDMs: neutron & mercury:

−7.01× 10−6 < Im(c̄uB + c̄uW) < 7.86× 10−6 ,

−9.42× 10−7 < Im(c̄dB − c̄dW ) < 8.40× 10−7 ,

−1.62× 10−6 < Im(c̄uG) < 2.01× 10−6 ,

−7.71× 10−7 < Im(c̄dG) < 5.70× 10−7 ,

• top quark: nEDM, b→ sγ, sℓ+ℓ−:
−1.39× 10−4 < Im(c̄tG) < 1.21× 10−4

−0.057 < Re(c̄tW + c̄tB)− 2.65 Im(c̄tW + c̄tB) < 0.20

tt̄ cxns @ Tevatron & LHC:

−6.12× 10−3 < Re(c̄tG) < 1.94× 10−3

−1.2 < Re(c̄bW ) < 1.1 , −0.01 < Re(c̄tW) < 0.02



• leptons: EDMs & anomalous magnetic moments:

−1.64× 10−2 < Re(c̄eB − c̄eW ) < 3.37× 10−3 ,

1.88× 10−4 < Re(c̄µB − c̄µW) < 6.43× 10−4 ,

−2.97× 10−7 < Im(c̄eB − c̄eW ) < 4.51× 10−7 ,

−0.26 < Im(c̄µB − c̄µW) < 0.29 ,



L = 1
2
∂µh ∂µh− 1

2
m2
hh

2 − c3 1
6

(
3m2

h

v

)
h3 −∑ψ=u,d,lmψ(i) ψ̄(i)ψ(i)

(
1+ cψ

h
v
+ . . .

)

+m2
W WµW µ

(
1+ 2cW

h
v
+ . . .

)
+ 1

2
m2
Z ZµZ

µ
(
1+ 2cZ

h
v
+ . . .

)
+ . . .

+
(
cWW W+

µνW
−µν + cZZ

2
ZµνZµν + cZγ Zµνγ

µν + cγγ
2
γµνγµν +

cgg
2
Ga
µνG

aµν
)
h
v

+
(
cW∂W

(
W−
ν DµW+µν + h.c.

)
+ cZ∂Z Zν∂µZ

µν + cZ∂γ Zν∂µγ
µν
)
h
v
+ . . .

• also valid in case of a non-linear Lagrangian for a light Higgs-like

scalar [h generic CP-even scalar]

⇒ expansion in E/M (derivatives) only, large deviations from SM

couplings → ∆ci >
α
π

SILH: expansion in v2/f2, E2/M2, αs/π, α/π

non-lin.: expansion in E2/M2, αs/π



• how to include state-of-the-art calculations?

e.g. eHDECAY http://www.itp.kit.edu/∼maggie/eHDECAY/

• h→ ff̄ :

Γ(ψ̄ψ)
∣∣
SILH

= ΓSM0 (ψ̄ψ)

[
1− c̄H − 2c̄ψ +

2

|ASM0 |2
Re
(
A∗SM0 ASM1,ew

)] [
1+ δψ κ

QCD
]

Γ(ψ̄ψ)
∣∣
NL

= c2ψ Γ
SM
0 (ψ̄ψ)

[
1+ δψ κ

QCD
]

ASM0 : SM tree-level amplitude

ASM1,ew: SM elw. amplitude [real corrections treated analogously]

• factorization of QCD ↔ elw. [limit small mh]

• NL: no elw. corrections!



• h→ gg:

Γ(gg)
∣∣
SILH

=
GFα

2
sm

3
h

4
√
2π3

[
1

9

∑

q,q′=t,b,c

(1− c̄H − c̄q − c̄q′)A∗1/2 (τq′)A1/2 (τq) c
2
eff κsoft

+2Re




∑

q=t,b,c

1

3
A∗1/2 (τq)

16π c̄g

α2



 ceff κsoft

+

∣∣∣∣
∑

q=t,b,c

1

3
A1/2 (τq)

∣∣∣∣
2

c2eff κew κsoft

+
1

9

∑

q,q′=t,b

(1− c̄H − c̄q − c̄q′)A∗1/2 (τq)A1/2 (τq′)κ
NLO(τq, τq′)

]

Γ(gg)
∣∣
NL

=
GFα

2
sm

3
h

4
√
2π3

[∣∣∣∣
∑

q=t,b,c

cq

3
A1/2 (τq)

∣∣∣∣
2

c2eff κsoft

+2Re



∑

q=t,b,c

cq

3
A∗1/2 (τq)

2πcgg

αs


 ceff κsoft +

∣∣∣∣
2πcgg

αs

∣∣∣∣
2

κsoft

+
1

9

∑

q,q′=t,b

cqA
∗
1/2 (τq) cq′ A1/2 (τq′)κ

NLO(τq, τq′)

]



A1/2 (τ) =
3

2
τ [1 + (1− τ) f (τ)]

f (τ) =






arcsin2 1√
τ

τ ≥ 1

−1

4

[
ln

1 +
√
1− τ

1−
√
1− τ − iπ

]2
τ < 1 .

κNLOsoft = 1+
αs

π

(
73

4
− 7

6
NF

)
+O(α2

s) , cNLOeff = 1+
αs

π

11

4
+O(α2

s)

Inami, Kubota, Okada
Djouadi, S., Zerwas

Chetyrkin, Kniehl, Steinhauser
Krämer, Laenen, S.

Baikov, Chetyrkin

• κNLO(τq, τq′): NLO mass effects ( <∼ 5% in SM)



• h→ γγ:

Γ(γγ)
∣∣
SILH

=
GFα

2
emm

3
h

128
√
2π3

{
|ASMNLO(γγ)|2 +2Re

(
ASM∗LO (γγ)ASMew (γγ)

)

+2Re

[
ASM∗NLO(γγ)

(
∆A(γγ) +

32π sin2θW c̄γ

αem

)]}

Γ(γγ)
∣∣
NL

=
GFα

2
emm

3
h

128
√
2π3

∣∣∣∣
∑

q=t,b,c

4

3
cq 3Q

2
q A

NLO
1/2 (τq) +

4

3
cτQ

2
τA1/2 (ττ)

+cVA1 (τW) +
4π

αem
cγγ

∣∣∣∣
2

∆A(γγ) = −
∑

q=t,b,c

4

3

(
c̄H

2
+ c̄q

)
3Q2

q A
NLO
1/2 (τq)−

(
c̄H

2
+ c̄τ

)
4

3
Q2
τ A1/2 (ττ)

−
(
c̄H

2
− 2c̄W

)
A1 (τW)

A1 (τ) = − [2 + 3τ +3τ (2− τ) f (τ)]

ANLO1/2 (τq) = A1/2(τq)(1 + κQCD)

• κQCD: massive QCD corrections Djouadi, S., Zerwas
Melnikov, Yakovlev

Inoue, Najima, Oka, Saito



• h→ Zγ:

Γ(Zγ)
∣∣
SILH

=
G2
Fαemm

2
Wm

3
h

64π4

(
1− m2

Z

m2
h

)3

×
{∣∣ASM(Zγ)

∣∣2 +2Re
(
ASM∗(Zγ)∆A(Zγ)

)

+2Re

[
−4π tan θW√

αemα2

(c̄HB − c̄HW − 8c̄γ sin
2 θW )ASM∗(Zγ)

]}

Γ(Zγ)
∣∣
NL

=
G2
Fαemm

2
Wm

3
h

64π4

(
1− m2

Z

m2
h

)3

×

∣∣∣∣∣
∑

ψ

cψNcQψv̂ψ

cos θW
AZγ

1/2

(
τψ, λψ

)
+ cV A

Zγ
1 (τW , λW)− 4π

√
αemα2

cZγ

∣∣∣∣∣

2

AZγ
1/2

(τ, λ) = [I1 (τ, λ)− I2 (τ, λ)]

AZγ1 (τ, λ) = cos θW

{
4
(
3− tan2 θW

)
I2
(
τ, λ
)

+

[(
1+

2

τ

)
tan2 θW −

(
5+

2

τ

)]
I1
(
τ, λ
)}

∆A(Zγ) = −
∑

ψ

(
c̄H

2
+ c̄ψ

)
NcQψv̂ψ

cos θW
AZγ

1/2

(
τψ, λψ

)
−
(
c̄H

2
− 2c̄W

)
AZγ1 (τW , λW )

ASM(Zγ) =
∑

ψ

NcQψv̂ψ

cos θW
AZγ

1/2

(
τψ, λψ

)
+AZγ1 (τW , λW )



I1 (τ, λ) =
τλ

2 (τ − λ) +
τ2λ2

2 (τ − λ)2
[f (τ)− f (λ)] +

τ2λ

(τ − λ)2
[g (τ)− g (λ)]

I2 (τ, λ) = − τλ

2 (τ − λ) [f (τ)− f (λ)]

g (τ) =





√
τ − 1 arcsin

1√
τ

τ ≥ 1

√
1− τ
2

[
ln

1 +
√
1− τ

1−
√
1− τ

− iπ
]

τ < 1 .



• h→ Z∗Z∗,W ∗W ∗:

Γ(V ∗V ∗) =
1

π2

∫ m2
h

0

dQ2
1 mVΓV(

Q2
1 −m2

V

)2
+m2

VΓ
2
V

∫ (mh−Q1)
2

0

dQ2
2 mVΓV(

Q2
2 −m2

V

)2
+m2

VΓ
2
V

Γ(V V )

Γ(V V )
∣∣
NL

= ΓSM(V V )×
{
c2V − 2cV

[
aV V

2

(
1− Q2

1 +Q2
2

m2
h

)
+ aV ∂V

Q2
1 +Q2

2

m2
h

]

+cV aV V
λ
(
Q2

1, Q
2
2,m

2
h

)
(1− (Q2

1 +Q2
2)/m

2
h)

λ
(
Q2

1, Q
2
2,m

2
h

)
+12Q2

1Q
2
2/m

4
h

}

aV V = cV V
m2
h

m2
V

, aV ∂V =
cV ∂V

2

m2
h

m2
V

Γ(V V )
∣∣
SILH

= ΓSILH(V V ) + ΓSM(V V )
2

|ASM0 |2
Re
(
A∗SM0 ASMew

)

ΓSILH(V V ) = ΓSM(V V )×
{
1− c̄H − 2

[
āV V

2

(
1− Q2

1 +Q2
2

m2
h

)
+ āV ∂V

Q2
1 +Q2

2

m2
h

]

+āV V
λ
(
Q2

1, Q
2
2,m

2
h

)
(1− (Q2

1 +Q2
2)/m

2
h)

λ
(
Q2

1, Q
2
2,m

2
h

)
+12Q2

1Q
2
2/m

4
h

}

ΓSM(V V ) =
δVGFm3

h

16
√
2π

√
λ
(
Q2

1, Q
2
2,m

2
h

)(
λ
(
Q2

1, Q
2
2,m

2
h

)
+

12Q2
1Q

2
2

m4
h

)

āWW = −2 m2
h

m2
W

c̄HW , āZZ = −2 m
2
h

m2
Z

(
c̄HW + c̄HB tan2θW − 4c̄γ tan

2θW sin2θW
)

āW∂W = −2 m2
h

2m2
W

(c̄W + c̄HW ) , āZ∂Z = −2 m2
h

2m2
Z

(
c̄W + c̄HW + (c̄B + c̄HB) tan

2θW
)



• approximate formulae [w/o elw. corrections]: α2 =
√
2GFm

2
W/π

Γ(ψ̄ψ)

Γ(ψ̄ψ)SM
≃ 1− c̄H − (2− xψ) c̄ψ − xψc̄t xb,c,s = 0.0085,0.015,0.029

Γ(h→W (∗)W ∗)

Γ(h→W (∗)W ∗)SM
≃ 1− c̄H +2.2 c̄W +3.7 c̄HW

Γ(h→ Z(∗)Z∗)

Γ(h→ Z(∗)Z∗)SM
≃ 1− c̄H +2.0

(
c̄W + tan2θW c̄B

)

+3.0
(
c̄HW + tan2θW c̄HB

)
− 0.26 c̄γ

Γ(h→ Zγ)

Γ(h→ Zγ)SM
≃ 1− c̄H +0.12 c̄t − 5 · 10−4 c̄c − 0.003 c̄b − 9 · 10−5 c̄τ

+4.2 c̄W + 0.19
(
c̄HW − c̄HB +8 c̄γ sin

2θW
) 4π
√
α2αem

Γ(h→ γγ)

Γ(h→ γγ)SM
≃ 1− c̄H +0.54 c̄t − 0.003 c̄c − 0.007 c̄b − 0.007 c̄τ

+5.04 c̄W − 0.54 c̄γ
4π

αem

Γ(h→ gg)

Γ(h→ gg)SM
≃ 1− c̄H − 2.12 c̄t +0.024 c̄c + 0.1 c̄b + 22.2 c̄g

4π

α2

← eHDECAY Contino, Ghezzi, Grojean, Mühlleitner, S.



OT HER APPLICAT IONS : PRODUCT ION

(i) Higgs pT (or how to prove that ggF is loop-mediated)

g

g

H

g
t, b

κt,b

↔

g

g

H

g

cgg

• distinction dim4 ↔ dim5

mt = 160 GeV

Ellis, Hinchliffe, Soldate, van der Bij

• first studies Banfi, Martin, Sanz
Azatov, Paul

Englert, McCullough, Spannowsky
Grojean, Salvoni, Schlaffer, Weiler



(ii) anomalous Higgs couplings [e.g. composite Higgs]

g

g

H

H

t, b •

λ
+

g

g

H

H

t, b ↔

g

g

H

H

t, b • ctt/bb

• threshold region: sensitive to λ

large MHH: sensitive to ctt/bb [e.g. boosted Higgs pairs]

• similar effects for other Higgs pair production modes

• tiny event rates



H

H

H

g

g

Q

q

q′

q

q′

V ∗

V ∗

H

H q

q̄′ V ∗

V

H

H

g

g

t

t

H

H

LO QCD

NNLO QCD

NLO QCD

NLO QCD

qq/gg → tt̄HH

qq̄ → ZHH
qq̄′ → WHH

qq′ → HHqq′

gg → HHMH = 125 GeV

σ(pp → HH+X) [fb]

√
s [TeV]

1007550258

1000

100

10

1

0.1

Baglio, Djouadi, Gröber, Mühlleitner, Quevillon, S.

• tt̄HH @ NLO Frederix, Frixione, Maltoni, . . .



• simplified scheme [← LHC]

rescale SM Higgs couplings → κf , κW/Z
rescale SM Higgs couplings to γγ, gg → κγ, κg [if not via κf , κV ]

rescale total SM Higgs width → κH
include all QCD and elw. corrections [factorized]

e.g. (σ ×BR)(gg → H → γγ) = σSM(gg → H)BRSM(H → γγ)×
κ2gκ

2
γ

κ2H

→ A. David

reliable within 10–20%



III BSM MODELS

(i) Higgs portal models

• dark sector: Lnew = −µ2s |φs|2− µ2d |φd|2−
λs

2
|φs|4−

λd
2
|φd|4− η|φs|2|φd|2

M2 =

(
λsv2s ηvsvd
ηvsvd λdv

2
d

)

⇒ gs = gSMh cosχ with tan(2χ) ≃ −2η vs
λdvd

(vd ≫ vs)

decays into inv. light dark fermions → Γinv

Englert, Freitas, Mühlleitner,. . .



(ii) 2HDM

V = m11|φ1|2 +m2
22|φ2|2 −m2

12(φ
†
1φ2 +h.c) + λ1|φ1|4 + λ2|φ2|4

+ λ3|φ1|2|φ2|2 + λ4|φ†1φ2|2 +
1

2
λ5[(φ

†
1φ2)

2 +h.c]

Γ2HDM[h→ X]

ΓSM[h→ X]
type I type II lepton-spec. flipped

V V ∗ sin2(β − α) sin2(β − α) sin2(β − α) sin2(β − α)

ūu
cos2α

sin2 β

cos2α

sin2 β

cos2α

sin2 β

cos2α

sin2 β

d̄d
cos2α

sin2 β

sin2α

cos2 β

cos2α

sin2 β

sin2α

cos2 β

ℓ+ℓ−
cos2α

sin2 β

sin2α

cos2 β

sin2α

cos2 β

cos2α

sin2 β

• heavy 2nd Higgs doublet ⇒ m2
A,H,H± =

2m2
12

sin 2β
+O(v2) and h SM-like



⇒ single parameter:

ξ =
v2

2m2
A

sin2(2β) [λ1 − λ2 + (λ1 + λ2 − λ3 − λ4 − λ5) cos 2β]

sin2(β − α) ≈ 1− ξ2 cos2 α

sin2 β
≈ 1+ 2ξ cotβ

sin2 α

cos2 β
≈ 1− 2ξ tanβ

Lopez-Val, Plehn, Rauch



(iii) MSSM

φ g
φ
u g

φ
d g

φ
V

h cα/sβ −sα/cβ sβ−α
H sα/sβ cα/cβ cβ−α
A ctgβ tgβ 0

tgβ↑ ⇒ g
φ
u↓ g

φ
d↑ g

φ
V ↓

• decoupling limit: MA≫MZ: h SM-like

ΓSUSY[h→ V V ∗]

ΓSM[h→ V V ∗]
≈ 1− m

4
Z sin2 2β

m4
A

(cos 2β+Rt)
2

ΓSUSY[h→ uu]

ΓSM[h→ uu]
≈ 1+

4m2
Z cos2 β

m2
A

(cos 2β+ Rt)

ΓSUSY[h→ dd]

ΓSM[h→ dd]
≈ 1− 4m2

Z sin2 β

m2
A

(cos 2β+Rt)

Rt ≈
3(g2 + g′2)

16π2 sin2 β

m4
t

m4
Z

[
log

mt̃1mt̃2

m2
t

+ (At − µ cot 2β)
At − µ cotβ

m2
t̃1
−m2

t̃2

log
m2
t̃1

m2
t̃2

+(A2
t − µ2 − 2Atµ cot 2β)

(
At − µ cot β

m2
t̃1
−m2

t̃2

)2(
1−

m2
t̃1
+m2

t̃2

m2
t̃1
−m2

t̃2

log
mt̃1

mt̃2

)]



• ∆b corrections to bottom Yukawa couplings:

b

�

b

~g

~

b

~

b

φ + · · · ∝ αs
π

mg̃µtgβ

m2
b̃

Hall,. . .
Carena,. . .
Nierste,. . .
Guasch,. . .

etc.

⇒ gd,s 6= gb [violations also possible in lept. sector]

• loop effects in φ→ gg, γγ, Zγ:

φ t, b, t̃, b̃

g

g

φ f, χ̃±

γ

γ/Z

φ W, f̃ , H±

γ

γ/Z

φ

W, f̃ , H±

γ

γ/Z



(iv) NMSSM

• additional Higgs singlet→ 7 Higgs bosons [neutralinos]: H1,2,3, A1,2, H
±

• iff 3 Higgses found: MSSM? NMSSM? → sum rules:

3∑

i=1

g2HiV V = 1
1

∑3
i=1 g

2
Hitt

+
1

∑3
i=1 g

2
Hibb

= 1

e.g. H1,2, A1 discovered, H2 SM-like:

Englert, Freitas, Mühlleitner,. . .⇒ sum rules useful for consistency tests



gi = gSMi (1 +∆i) ∆i =
v2

Λ2

Scenario/framework LHC HL-LHC LC HL-LC

Higgs portal 0.23 0.28 0.44 0.56
2HDM type-II (tanβ ≈ 1) 0.52 0.58 1.15 1.6
2HDM type-II (tanβ ≈ 10) 0.33 0.36 0.7 1.0

D = 6 effective operators:
hV V 0.78 0.87 2.6 3.3
hff 0.45 0.50 1.0 1.4
hgg contact 0.55 1.1 1.3 1.8
hγγ contact 0.15 0.18 0.24 0.36

Strong interactions 0.9 1.1–2.0 2.8–5.1 3.4–5.6

hgg loop effects:
scalar triplet 0.16 0.31 0.37 0.52
scalar octet 0.39 0.75 0.92 1.3
vector octet 1.8 3.5 4.2 5.8

hγγ loop effects:
scalar triplet 0.15 0.18 0.24 0.36
scalar octet 0.25 0.29 0.39 0.60
vector octet 1.1 1.3 1.8 2.7

Englert, Freitas, Mühlleitner, Plehn, Rauch, S., Walz



IV CONCLUSIONS

• deviations of Higgs couplings: dim6, BSM

• dim6: SILH & non-linear Lagrangians

• systematic extension of SM → well-defined expansions

• SILH: expansion in v2/f2, E2/M2, αs/π, α/π

• non-lin.: expansion in E2/M2, αs/π

• BSM: mixing effects, loop effects

→ sensitivity to TeV scale already now



BACKUP SLIDES



mQ(MQ) =
MQ

1 +
4

3

αs(MQ)

π

+O(α2s)

mQ(µ) = mQ(MQ)
c[αs(µ)/π]

c[αs(MQ)/π]

c(x) =

(
9

2
x

)4
9 [

1+ 0.895 x+O(x2)
]

for Ms < µ < Mc

c(x) =

(
25

6
x

)12
25 [

1+ 1.014 x+O(x2)
]

for Mc < µ < Mb

c(x) =

(
23

6
x

)12
23 [

1+ 1.175 x+O(x2)
]

for Mb < µ < Mt



ḡQ(MH) =
√
2
mQ(MH)

v

ḡQ(MQ) =
√
2
mQ(MQ)

v

g
pole
Q =

√
2
MQ

v

Γ(H → QQ̄) = ḡ2Q(MH)
3MH

16π

{
1 +

17

3

αs

π
+O(α2s)

}

Γ(H → QQ̄) = ḡ2Q(MQ)
3MH

16π

{
c[αs(MH)/π]

c[αs(MQ)/π]

}2 {
1+

17

3

αs

π
+O(α2s)

}

=
(
g
pole
Q

)2 3MH

16π





1

1+ 4
3

αs(MQ)

π

c[αs(MH)/π]

c[αs(MQ)/π]






2{
1+

17

3

αs

π
+O(α2s)

}

Γ(H → QQ̄) =
3GFMH

4
√
2π

m2
Q(MQ)



1 +



17
3
− 2 log

M2
H

m2
Q(MQ)



 αs
π

+O(α2s)




=
3GFMH

4
√
2π

M2
Q



1+



3− 2 log
M2
H

M2
Q



 αs
π

+O(α2s)





